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Abstract
The release of amino acids from their vacuolar store was studied in situ, i.e. in cells with selectively permeabilized plasma
membrane and functionally intact vacuoles. As we previously described [Roos et al., J. Biol. Chem. 272 (1997) 15849^15855],
this transport process is regulated by extravacuolar adenylates at their physiological concentrations. We now show, using our
test object Penicillium cyclopium, that not only purine but also pyrimidine nucleotides are involved in the control of efflux of
vacuolar phenylalanine. At 0.1 mM adenosine or guanosine phosphates inhibit, whereas cytidine or uridine phosphates
stimulate the rate of efflux. At 1 mM the same nucleotides have no measurable impact on efflux but abolish the effects of
other nucleotides present at 0.1 mM. This argues for at least two interacting binding sites with different nucleotide affinities.
The minimum structural requirement for any of the observed effects is a non-cyclic ribonucleoside monophosphate. In intact
cells, cytosolic concentrations of ATP (representing purine nucleotides) and CTP (representing pyrimidine nucleotides) are
1^2 mM and 0.05^0.2 mM, respectively. ATP is therefore assumed to dominate transport control and allow optimum efflux
(and uptake) rates. Short-time starvation of carbon and nitrogen adjusts CTP and ATP at levels that cause declining efflux
rates. During prolonged starvation both nucleotides fall below their transport-controlling concentrations and thus allow
increasing rates of efflux from the still maintained vacuolar pool. Hence, efflux control under nutrient limitation includes an
interplay of purine and pyrimidine nucleotides which precisely regulates the release of vacuolar amino acids and enables
flexible adjustment to either amino acid saving or cell survival. ß 2000 Published by Elsevier Science B.V.
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1. Introduction
A major part of the amino acids in eukaryotic cells
is accumulated in the vacuole or related lysosomal
organelles. In plants and fungi, this fraction has been
characterized as a highly regulated pool that allows
homeostasis of the cytosolic amino acid concentra-
tions by compensating for a variety of metabolic
needs and/or environmental challenges [1^3]. In Peni-
cillium cyclopium, the object of the present study, the
vacuolar pool of L-phenylalanine serves the supply of
benzodiazepine alkaloid biosynthesis [4,5].
The actual size of the vacuolar fraction of an in-
dividual amino acid is determined by a dynamic
equilibrium of active uptake from and passive e¥ux
into the cytosol (e.g. [6]). Consequently, the rate of
each of these transport steps and their mutual bal-
ance largely in£uence the steady state concentrations
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of cytoplasmic amino acids and thus can control the
substrate supply of amino acid utilizing reactions.
Whereas the regulatory properties of transport sys-
tems serving the vacuolar accumulation of amino
acids are increasingly known [2,3,7], only scarce
data are available on the mode and control of trans-
port from the vacuole into the cytosol. At least in
two cell systems, this process proved not to require
adenosine triphosphate as an energy source but was
nevertheless found to be a¡ected by ATP (without
hydrolysis). In vacuoles isolated from barley meso-
phyll protoplasts, the release of amino acids is acti-
vated by ATP but is not or less in£uenced by other
nucleotides [8]. In vacuoles of P. cyclopium assayed
in situ (cf. below), extravacuolar adenylates as ATP,
ADP, AMP and a non-hydrolyzable ATP-analogue
are equally e¡ective in exerting a strong inhibition of
e¥ux at a concentration range around 0.1 mM.
E¥ux is relieved from this depression by either de-
creasing or increasing the nucleotide concentration
(to 6 0.01 and 1^2 mM, respectively). The in situ
system was established by permeabilizing the plasma
membrane of hyphal cells for micromolecules with-
out impairing the proton gradient and the uptake of
amino acids across the tonoplast [9]. This novel tech-
nique, which has been proven a reliable tool suited
for investigating intracellular transport also in other
fungal and mammalian cells [10^12], opened a way
to assay vacuolar functions with the organelle re-
maining within its natural macromolecular environ-
ment and yields more reliable data than isolated vac-
uoles. In our object, the adenylate concentration of
intact cells, based on the cytoplasmic water content,
remained around 1.5 mM under growth conditions
and decreased during nutrient starvation, thereby
passing those ranges that according to the in situ
assay would ¢rst diminish and then restore the rates
of amino acid e¥ux. We therefore concluded that the
total adenylate pool (not the adenylate energy
charge) is used to adapt the equilibrium of storage
and the mobilization of vacuolar amino acids to ac-
tual metabolic needs [9].
Based on the above results on the adenylate con-
trol of e¥ux we put the question of whether other
ribonucleotides are involved in the regulation of
export of vacuolar amino acids as well. In this
paper we demonstrate that not only purine but also
pyrimidine derivatives exert regulatory e¡ects, but in
opposite directions, with a non-cyclic nucleoside
monophosphate being the minimum structural re-
quirement.
2. Materials and methods
2.1. Cultivation
P. cyclopium, strain SM 72a, was cultured in a
minimum medium containing sucrose, ammonium,
phosphate and potassium as main nutrients as de-
scribed elsewhere [9,13]. For starvation experiments,
submerged grown hyphal cells were transferred into
half-concentrated culture medium with nitrogen and
carbon sources omitted.
2.2. Transport assays
The plasma membrane of hyphal cells was selec-
tively permeabilized by nystatin treatment and the
resulting in situ vacuoles were used for the uptake
and e¥ux assays as described previously [9]. Details
are given in the legend of Fig. 1A.
E¥ux rates were determined as slopes of curves
representing the appearance of pre-accumulated
[14C]Phe in the outer medium (cf. Fig. 1A and Table
1). Their inter-assay standard errors typically were in
the range between 10 and 20% (extremes at 25%) and
hence di¡erences of the e¥ux rates less than 25% of
the control (without e¡ector) were not considered
signi¢cant.
2.3. Determination of nucleotides
The extraction of total nucleotides from hyphae
were carried out as described [9]. In brief, samples
of cell suspensions were rapidly ¢ltered, frozen in
liquid nitrogen and after storage extracted with boil-
ing glycine bu¡er at pH 11. In the ¢ltered extracts
ATP was assayed luminometrically using the lucifer-
in/luciferase reaction as detailed earlier [9]. CTP was
determined according to Nitschmann [14]. Brie£y,
cell extracts were treated with 3-phosphoglycerate ki-
nase, hexokinase/glucose-6-phosphate dehydrogenase
and UDP-glucose pyrophosphorylase to remove
GTP, ATP and UTP, respectively. CTP was mea-
sured as the amount of ATP formed by the subse-
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quent nucleoside diphosphate kinase reaction in the
presence of excess ADP. As validated from calibra-
tion curves, the detection limit of CTP was 0.1 WM in
the presence of up to a 100-fold excess of ATP.
Nucleotide concentrations are based on the aver-
age cytoplasmic water volume of intact hyphal cells
which was derived from the total intracellular water
by subtracting the average vacuolar volume (cf. [9]).
2.4. Determination of amino acid content
Free amino acids extractable from hyphal cells
with 80% ethanol were quanti¢ed by the ninhydrin
colorimetric assay described by Moore and Stein
[15] using L-phenylalanine as a calibration standard.
The vacuolar amino acid content was directly mea-
sured as ninhydrin positive material extracted from
nystatin-treated cells (cf. Section 2.2 and [9], respec-
tively).
2.5. Chemicals
L-[U-14C]Phenylalanine was purchased from Amer-
sham Life Science. Nystatin, all enzymes, lyophilized
luciferin/luciferase preparation (ATP assay mix), nin-
hydrin, L-phenylalanine, and purine and pyrimidine
e¡ectors were obtained from Sigma.
3. Results
The following data on the regulation of vacuolar
amino acid transport have been obtained with vacu-
oles in situ, i.e. hyphal cells after selective permeabi-
lization of their plasma membrane (cf. above). When
we screened for compounds in£uencing the rate of
Phe e¥ux it soon became apparent that not only
purine nucleotides (as expected from the previous
data [9]) but also pyrimidine nucleotides were e¡ec-
tive, though with opposite signs. Moreover, these
e¡ects displayed the same unique concentration de-
pendence that had been found for the adenylates: a
maximum e⁄cacy around 0.1 mM which decreased
with increasing e¡ector concentration. Hence, in or-
der to obtain comparable data from a manageable
number of experiments most of the measurements
were conducted at three data points that yielded
the essential information of the e¥ux versus [e¡ector]
Fig. 1. (A) Initial e¥ux rates of [14C]Phe from vacuoles in situ
in the presence of nucleoside triphosphates. Data are normal-
ized to 100% e¥ux (corresponding to 6 pmol Phe/min/mg pro-
tein; see right ordinate) measured in the absence of added nu-
cleotides (nucleotide concentrations present in permeabilized
cells were below 10 WM). Left : E¡ectors added separately. Data
are means of at least ¢ve independent experimental sets (maxi-
mum S.D. 38%). Right: E¡ectors added in combination as indi-
cated. Data were averaged from experiments showing the char-
acteristic e¡ect of the respective single nucleotide included as a
control. E¥ux experiments were performed as described previ-
ously [9]. Brie£y, nystatin-treated cells (10 mg f.wt/ml in 50 mM
HEPES, pH 7.0, containing 150 mM KCl and 400 mM sorbi-
tol) were incubated with 25 WM [14C]Phe and 1 mM MgATP
until saturation (usually for 50^60 min). After removal of the
uptake medium by suction, the permeabilized cells were washed
and resuspended in the same bu¡er without labeled Phe and
ATP, supplemented with the indicated e¡ector. Samples were
taken 1, 6, 10, 15 and 25 min after replacement and assayed
for 14C. The e¥ux rates of preaccumulated L-Phe were com-
puted by linear regression of experimental data in the range of
1 to 15 min. (B) Concentrations of ATP and CTP in intact hy-
phal cells. A typical starvation experiment is displayed which
was repeated several times yielding similar results (also refer to
Fig. 2). Data are means of three parallel samples (maximum
S.D. 19%). Note that the x-axes for (A) and (B) are identical.
After 2 days growth, submerged cultures were nitrogen-dere-
pressed (removal of NH4 for 6 h) and transferred into carbon-
and nitrogen-free medium (for details see [9]). Nucleotide con-
tents were measured after the indicated starvation periods, and
concentrations were calculated as outlined by Roos et al. [9].
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curves: 1 mM, 0.1 mM and without addition (i.e. at
the micromolar nucleotide concentrations of permea-
bilized cells, cf. legend Fig. 1A).
3.1. Nucleotide speci¢city of e¥ux control
Fig. 1A compiles the e¡ects of di¡erent ribonu-
cleoside triphosphates on the initial e¥ux rate of
pre-accumulated [14C]Phe. At 0.1 mM the purines
GTP or ATP inhibit the e¥ux whereas the pyrimi-
dines CTP and UTP cause a stimulation (which is
more pronounced with CTP). These opposing e¡ects
neutralize each other as shown for the simultaneous
presence of ATP and CTP (Fig. 1A, column a).
Both the inhibition by the purines and the stimu-
lation by the pyrimidines disappear if either nucleo-
tide is present at 1 mM. Even though at this concen-
tration e¥ux rates are allowed like those of control
vacuoles (no addition), the nucleotides obviously
maintain control over amino acid e¥ux: the e¡ects
exerted by any nucleotide at 0.1 mM are abolished if
in addition a nucleotide of the opposite group is
present at 1 mM. As an example (Fig. 1A, columns
b and c), the inhibiting e¡ect of 0.1 mM ATP dis-
appears in the presence of 1 mM CTP and the stim-
ulatory e¡ect of 0.1 mM CTP disappears or is even
partially reversed in the presence of 1 mM ATP.
These ¢ndings obtained in situ argue for the presence
of two nucleotide binding sites of di¡erent a⁄nity,
the high a⁄nity site being strongly in£uenced by nu-
cleotides present at the low a⁄nity binding site (cf.
Section 4). As described below, the combination of
high ATP and low CTP can indeed be found in in-
tact cells (Fig. 1B) and thus might be considered as a
regulatory element in vivo.
3.2. Structural requirements of the e¡ector molecules
In order to verify which nucleotide components
are essential to be recognized as regulator, several
di¡erent purine and pyrimidine derivatives were
studied for their e¡ects on Phe e¥ux.
As shown in Table 1, the characteristic inhibition
of e¥ux at 0.1 mM is seen by all adenylates used but
not by the other purine molecules adenosine, adenine
and uric acid. Cyclic AMP likewise is without e¡ect.
The same tendency is observed for the pyrimidine
derivatives: only the nucleotides but neither cytosine
nor cytidine stimulate e¥ux at the above concentra-
tion.
Thus, a non-cyclic mononucleotide structure ap-
pears to be required for regulatory properties. The
length of the phosphate chain does not seem to be
important, since in each case ribonucleoside tri-, di-
and monophosphates act in a similar manner. The
less pronounced but detectable inverse e¡ects of the
nucleosides adenosine and cytidine on Phe e¥ux
compared to their phosphate derivatives remain to
be elucidated.
3.3. Are the e¥ux regulating e¡ects of nucleotides of
biological signi¢cance?
In order to estimate whether the e¥ux-a¡ecting
Table 1
E¡ect of various purines and pyrimidines on the e¥ux of [14C]Phe from vacuoles in situ
Initial e¥ux rate (%)a
adenine and derivatives cytosine and derivatives
ATP ADPb AMPb cAMP adenosine adenine uric acid CTP CDP CMP cytidine cytosine
0.1 mM 33 ( þ 6) 31 ( þ 3) 19 ( þ 2) 91 ( þ 21) 140 ( þ 33) 105 ( þ 17) 97 ( þ 9) 178 ( þ 37) 145 ( þ 29) 152 ( þ 26) 66 ( þ 9) 112 ( þ 25)
1.0 mM 98 ( þ 17) 94 ( þ 7) 87 ( þ 6) 98 ( þ 25) 83 ( þ 21) 88 ( þ 12) 94 ( þ 23) 99 ( þ 21) 92 ( þ 23) 102 ( þ 19) 76 ( þ 18) 120 ( þ 27)
For experimental conditions refer to Fig. 1A. The e¡ects of nucleoside triphosphates shown in Fig. 1A are included as a reference.
aE¥ux rates were averaged from at least four independent data sets (in brackets: S.E.M.). As maximum inhibition is observed at
0.1 mM ATP, this concentration was used as a standard within each experiment. Further, a non-supplemented sample was included
to which e¥ux rate the data were normalized (100 þ 19% (ns 100) are 5^7 pmol Phe/min/mg protein; see also Fig. 1A).
bData taken from previous publication [9], whose incorporation seems justi¢ed for the following reasons: (1) e¥ux data were obtained
using entirely the same experimental procedure, (2) the characteristic response of the e¥ux rates to di¡erent ATP concentrations (used
as a reference) was essentially the same.
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nucleotide concentrations do occur in intact cells, we
determined the contents of each one representative of
purine and pyrimidine nucleotides (ATP and CTP) in
parallel under optimum growth and starvation con-
ditions. It is known for P. cyclopium [9], as well as
for yeast cells [16], that both ATP and CTP represent
by far the main constituents of the respective nucle-
otide pool. As demonstrated in yeast, the intracellu-
lar level of ATP is much higher than that of GTP,
whereas CTP and UTP concentrations are in the
same order of magnitude [16]. Besides ATP, CTP
was chosen to be assayed in detail because of its
higher impact on amino acid e¥ux compared to
UTP (see Fig. 1A).
Fig. 1B displays nucleotide concentrations in hy-
phal cells from nutrient-su⁄cient and carbon- and
nitrogen-starved suspension cultures. Under normal
conditions, i.e. during a 2-day cultivation period with
standard nutrients (t = 0), ATP and CTP concentra-
tions remain stable within relatively narrow ranges of
around 1.5 and 0.15 mM, respectively. Here, the ef-
fects of ATP might determine the e¥ux control by
adjusting the rate near the control (nucleotide-free)
level and minimizing the in£uence of CTP which, if
present alone (in situ!), would stimulate e¥ux (Fig.
1A).
In the course of starvation, the decrease in ATP is
accompanied by a decrease in CTP. When ATP
reaches e¥ux-inhibiting concentrations of around
0.2^0.1 mM after 1 day, the CTP level is still in a
region that stimulates e¥ux (about 0.05 mM, see
Fig. 1A). Thus, the inhibitory e¡ect caused by ATP
alone is likely to be diminished as long as CTP is
present at at least 0.05 mM. During prolonged star-
vation, both CTP and ATP (in this order) lose their
in£uence on the vacuolar release of Phe: after 2 days
the intracellular CTP level decreases below its e¥ux-
stimulating concentration while after 3^4 days the
ATP level leaves its e¥ux-inhibiting range. It there-
fore appears that the regulatory e¡ects of ATP dom-
inate the control of Phe e¥ux but are modi¢ed by
CTP at least during a 1^2 day period of nutrient
starvation.
Under the conditions used in the above experi-
ments the majority of intracellular amino acids con-
stantly resides in the vacuole thus emphasizing the
importance of e¥ux control. As shown in Fig. 2, the
cultures respond to the withdrawal of carbon and
nitrogen sources with a biphasic change in their
free amino acid concentrations.
First, an increase of the total amino acid content
occurs within the ¢rst 2 days of starvation due to the
decease and proteolysis of a part of the hyphae. This
phase is paralleled by the drastic decay of ATP to-
wards its e¥ux-inhibiting concentration (see Fig. 1B
and reference curve in Fig. 2). Interestingly, a tran-
sient increase of the vacuolar share of the total ami-
no acids between day 1 and 2 occurs simultaneously
with the drop of CTP below its e¥ux-stimulating
concentration as already described above (cf. Fig.
1B). As the ATP content at this stage still allows
slow uptake [9], this nucleotide constellation is ex-
pected to result in vacuolar accumulation which is
indeed consistent with the obtained data of Fig. 2.
Second, a constant decline of total amino acids
occurs during long-term starvation from 2 up to
6 days. In this phase, the vacuolar share is main-
tained above 80% while e¥ux is released from nucle-
otide control. However, if the initial e¥ux rate
(around 6 pmol Phe/min/mg protein, see Fig. 1A) is
compared to the size of the vacuolar pool (about
40 nmol Phe/mg protein after 6 days of starvation)
it becomes clear that this reservoir depletes only
slowly even under conditions requiring the metabo-
lization of stored reserves.
Fig. 2. Amino acid content in hyphal cells during C- and
N-starvation. In a starvation experiment like that of Fig. 1B,
amino acid contents were determined by the ninhydrin reaction
(see Section 2.4) and based on total cellular protein assayed as
in [9]. Data were averaged from three parallel samples taken
from two independent cultures. In order to keep the results
comparable to Fig. 1B, normalized ATP concentrations
(100% = 1.4 mM) of the cultures used for this particular analy-
sis are also shown.
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4. Discussion
The above data indicate that the transport of vac-
uolar phenylalanine into the cytosol is under the con-
trol of both purine and pyrimidine nucleotides, ex-
erting opposing e¡ects within the distinct
concentration range around 0.1 mM. Similar ¢ndings
were obtained for the e¥ux of leucine (data not
shown). Intriguingly, at 1 mM all nucleotides tested
did not in£uence e¥ux (compared to the transport
rate without added e¡ectors), but the presence of
either ATP or CTP prevented the observed e¡ects
of any nucleotide added at 0.1 mM.
Seen together with our previous results, the obser-
vations made with in situ vacuoles of P. cyclopium
might outline an e¡ective yet very subtle mechanism
that controls the release of (at least hydrophobic)
amino acids from their vacuolar pool by using the
concentration and relative proportion of purine and
pyrimidine nucleotides as signalling ligands.
Although the molecular background of this type of
control has not yet been detailed, the simplest con-
ceptual model that can explain the available data
requires an amino acid e¥ux transporter at the tono-
plast that contains two communicating nucleotide
binding sites. First, a high a⁄nity site A (with bind-
ing constants near 0.1 mM) that can discriminate
between purine and pyrimidine nucleotides and
evokes either stimulation or inhibition of transport.
Second, a low a⁄nity site B (with binding constants
near 1 mM) that after binding of either purine or
pyrimidine nucleotides ¢xes the transport rate to a
level similar to the nucleotide-free carrier. If this
binding site is occupied it might stabilize (freeze)
the conformation of the transport system and thus
prevent the putative conformational changes under-
lying e¥ux control via site A.
The presented data imply that in intact cells the
cytoplasmic pool of ribonucleotides adjusts the avail-
ability of vacuolar amino acids to actual metabolic
demands by concerted e¡ects of purines and pyrimi-
dines. The purine nucleotides establish some basic
state of amino acid supply by allowing maximum
e¥ux at high (millimolar) concentrations, strongly
reduced e¥ux at low concentrations (around 10%
of normal) and maximum e¥ux at extremely low
concentrations (below 10% of normal). These regu-
latory options allow three strategies of handling vac-
uolar amino acids, i.e. optimum supply, saving and
survival strategy, respectively.
In this respect the data con¢rm and extend our
earlier concept of adenylate control [9].
The newly identi¢ed e¡ects of pyrimidine nucleo-
tides are likely to modulate the impact of purine
nucleotides especially at their e¥ux-stimulating range
around 0.1 mM and thus allow some ¢ne-tuning of
the release of vacuolar amino acids, although this
stimulation might not gain its maximum as long as
ATP is present at about a 10-fold excess. However,
this concentration ratio has so far been established
only for growing cells and diminishes during the nu-
trient starvation regime used in this study. Other
starvation/stress situations might well create di¡erent
nucleotide patterns that would allow more impact of
pyrimidine nucleotides. Thus, the bene¢ts of the
complex regulation of vacuolar release of amino
acids might lie in its high £exibility rather than in
the capability to force extreme £ux rates. A sophis-
ticated e¥ux management appears advantageous as
the majority of free amino acids remains in the vac-
uolar store not only under growth conditions but
also during mild and stringent starvation.
A direct regulatory in£uence of ATP (without hy-
drolysis) on transport processes has not only been
found at the vacuolar membrane. Further examples
are the amplitude reduction of currents through
anion channels in Arabidopsis [17] or the regulation
of the glucose carrier GLUT1 in human erythrocytes
[18,19]. In contrast to our ¢ndings, in these cases
adenyl nucleotides other than ATP exert minor or
even antagonistic e¡ects. The observed concentration
dependence and speci¢city of nucleotide regulation
provide useful guidelines for a molecular analysis
aimed to identify the individual transport protein(s)
of the tonoplast responsible for amino acid e¥ux
and to characterize the mode of nucleotide binding.
They might further help to decide whether this type
of control has gained a brother distribution among
species. Moreover, knowledge of a nucleotide-con-
trolled vacuolar supply of precursor compounds
might be of biotechnological interest regarding the
production of secondary metabolites by eukaryotic
microorganisms as, for example, considered for a£a-
toxin biosynthesis [20].
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